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SYSTEM TO IMPROVE ERROR 
CORRECTION USING VARIABLE LATENCY 

AND ASSOCIATED METHODS 

GOVERNMENT LICENSE RIGHTS 

This invention Was made With Government support under 
Agreement No. HR0011-07-9-0002 awarded by DARPA. 
The Government has certain rights in the invention. 

RELATED APPLICATIONS 

This application contains subject matter related to the fol 
lowing co-pending applications entitled “System for Error 
Decoding With Retries and Associated Methods” and having 
Ser. No. 12/ 023,356 “System to Improve Memory Reliability 
and Associated Methods” and having Ser. No. 12/023,374 
“System for Error Control Coding for Memories of Different 
Types and Associated Methods” and having Ser. No. 12/023, 
408 “System to Improve Error Code Decoding Using Histori 
cal Information and Associated Methods” and having Ser. 
No. 12/023,445 “System to Improve Memory Failure Man 
agement and Associated Methods” and having Ser. No. 
12/023,498 and “System to Improve Miscorrection Rates in 
Error Control Code Through Buffering andAssociated Meth 
ods” and having Ser. No. 12/023,516 the entire subject mat 
ters of Which are incorporated herein by reference in their 
entirety. The aforementioned applications are assigned to the 
same assignee as this application, International Business 
Machines Corporation of Armonk, NeW York. 

FIELD OF THE INVENTION 

The invention relates to the ?eld of computer systems, and, 
more particularly, to error correction systems and related 
methods. 

BACKGROUND OF THE INVENTION 

This invention relates generally to computer memory, and 
more particularly to providing a high fault tolerant memory 
system. 
Computer systems often require a considerable amount of 

high speed RAM (random access memory) to hold informa 
tion such as operating system softWare, programs and other 
data While a computer is poWered on and operational. This 
information is normally binary, composed of patterns of 1’s 
and 0’s knoWn as bits of data. The bits of data are often 
grouped and organiZed at a higher level. A byte, for example, 
is typically composed of 8 bits; more generally these groups 
are called symbols and may consist on any number of bits. 

Computer RAM is often designed With pluggable sub 
systems, often in the form of modules, so that incremental 
amounts of RAM can be added to each computer, dictated by 
the speci?c memory requirements for each system and appli 
cation. The acronym, “DIMM” refers to dual in-line memory 
modules, Which are perhaps the mo st prevalent memory mod 
ule currently in use. A DIMM is a thin rectangular card 
comprising one or more memory devices, and may also 
include one or more of registers, buffers, hub devices, and/or 
non-volatile storage (e.g., erasable programmable read only 
memory or “EPROM”) as Well as various passive devices 
(e. g. resistors and capacitors), all mounted to the card. 
DIMMs are often designed With dynamic memory chips or 

DRAMs that need to be regularly refreshed to prevent the data 
stored Within them from being lost. Originally, DRAM chips 
Were asynchronous devices, hoWever contemporary chips, 
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2 
synchronous DRAM (SDRAM) (e.g. single data rate or 
“SDR”, double data rate or “DDR”, DDR2, DDR3, etc) have 
synchronous interfaces to improve performance. DDR 
devices are available that use pre-fetching along With other 
speed enhancements to improve memory bandWidth and to 
reduce latency. DDR3, for example, has a standard burst 
length of 8, Where the term burst length refers to the number 
of DRAM transfers in Which information is conveyed from or 
to the DRAM during a read or Write. Another important 
parameter of DRAM devices is the number of I/ O pins that it 
has to convey read/Write data. When a DRAM device has 4 
pins, it is said that it is a “by 4” (or ><4) device. When it has 8 
pins, it is said that it is a “by 8” (or x8) device, and so on. 
Memory device densities have continued to groW as com 

puter systems have become more poWerful. Currently it is not 
uncommon to have the RAM content of a single computer be 
composed of hundreds of trillions of bits. Unfortunately, the 
failure of just a portion of a single RAM device can cause the 
entire computer system to fail. When memory errors occur, 
Which may be “hard” (repeating) or “soft” (one-time or inter 
mittent) failures, these failures may occur as single cell, 
multi-bit, full chip or full DIMM failures and all or part of the 
system RAM may be unusable until it is repaired. Repair 
turn-around-times can be hours or even days, Which can have 
a substantial impact to a business dependent on the computer 
systems. 
The probability of encountering a RAM failure during 

normal operations has continued to increase as the amount of 
memory storage in contemporary computers continues to 
groW. 

Techniques to detect and correct bit errors have evolved 
into an elaborate science over the past several decades. Per 
haps the most basic detection technique is the generation of 
odd or even parity Where the number of 1’s or 0’s in a data 
Word are “exclusive or-ed” (XOR-ed) together to produce a 
parity bit. For example, a data Word With an even number of 
1’s Will have a parity bit of 0 and a data Word With an odd 
number of 1’s Will have a parity bit of 1, With this parity bit 
data appended to the stored memory data. If there is a single 
error present in the data Word during a read operation, it can 
be detected by regenerating parity from the data and then 
checking to see that it matches the stored (originally gener 
ated) parity. 
More sophisticated codes alloW for detection and correc 

tion of errors that can affect groups of bits rather than indi 
vidual bits; Reed-Solomon codes are an example of a class of 
poWerful and Well understood codes that can be used for these 
types of applications. 

These error detection and error correction techniques are 
commonly used to restore data to its original/ correct form in 
noisy communication transmission media or for storage 
media Where there is a ?nite probability of data errors due to 
the physical characteristics of the device. The memory 
devices generally store data as voltage levels representing a 1 
or a 0 in RAM and are subject to both device failure and state 
changes due to high energy cosmic rays and alpha particles. 

In the 1980’s, RAM memory device siZes ?rst reached the 
point Where they became sensitive to alpha particle hits and 
cosmic rays causing memory bits to ?ip. These particles do 
not damage the device but can create memory errors. These 
are knoWn as soft errors, and most often affect just a single bit. 
Once identi?ed, the bit failure can be corrected by simply 
reWriting the memory location. The frequency of soft errors 
has groWn to the point that it has a noticeable impact on 
overall system reliability. 
Memory Error Correction Codes (ECC) use a combination 

of parity checks in various bit positions of the data Word to 
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allow detection and correction of errors. Every time data 
Words are Written into memory, these parity checks need to be 
generated and stored With the data. Upon retrieval of the data, 
a decoder can use the parity bits thus generated together With 
the data message in order to determine Whether there Was an 
error and to proceed With error correction if feasible. 

The ?rst ECCs Were applied to RAM in computer systems 
in an effort to increase fault-tolerance beyond that alloWed by 
previous means. Binary ECC codes Were deployed that 
alloWed for double-bit error detection (DED) and single-bit 
error correction (SEC). This SEC/DED ECC also alloWs for 
transparent recovery of single bit hard errors in RAM. 

Scrubbing routines Were also developed to help reduce 
memory errors by locating soft errors through a a scanning of 
the memory Whereby memory Was read, corrected if neces 
sary and then Written back to memory. 
Some storage manufacturers have used advanced ECC 

techniques, such as Reed-Solomon codes, to correct for full 
memory chip failures. Some memory system designs also 
have standard reserve memory chips (e.g. “spare” chips) that 
can be automatically introduced in a memory system to 
replace a faulty chip. These advancements have greatly 
improved RAM reliability, but as memory siZe continues to 
groW and customers’ reliability expectations increase, further 
enhancements are needed. 

FIG. 1 depicts a contemporary prior art system composed 
of an integrated processor chip 100, Which contains one or 
more processor elements and an integrated memory control 
ler 110. In the con?guration depicted in FIG. 1, multiple 
independent cascade interconnected memory interface bus 
ses 106 are logically aggregated together to operate in unison 
to support a single independent access request at a higher 
bandWidth With data and error detection/ correction informa 
tion distributed or “striped” across the parallel busses and 
associated devices. 

The memory controller 110 attaches to four narroW/high 
speed point-to-point memory busses 106, With each bus 106 
connecting one of the several unique memory controller inter 
face channels to a cascade interconnect memory subsystem 
103 (or memory module, e.g., a DIMM) Which includes at 
least a hub device 104 and one or more memory devices 109. 
Some systems further enable operations When a subset of the 
memory busses 106 are populated With memory subsystems 
103. In this case, the one or more populated memory busses 
108 may operate in unison to support a single access request. 

FIG. 2 depicts a prior art memory structure With cascaded 
memory modules 103 and unidirectional busses 106. One of 
the functions provided by the hub devices 104 in the memory 
modules 103 in the cascade structure is a re-drive function to 
send signals on the unidirectional busses 106 to other memory 
modules 103 or to the memory controller 110. 

FIG. 2 includes the memory controller 110 and four 
memory modules 103, on each of tWo memory busses 106 (a 
doWnstream memory bus With 24 Wires and an upstream 
memory bus With 25 Wires), connected to the memory con 
troller 110 in either a direct or cascaded manner. The memory 
module 103 next to the memory controller 110 is connected to 
the memory controller 110 in a direct manner. The other 
memory modules 103 are connected to the memory controller 
110 in a cascaded manner. Although not shoWn in this ?gure, 
the memory controller 110 may be integrated in the processor 
100 and may connect to more than one memory bus 106 as 
depicted in FIG. 1. 

The connection betWeen a hub in a DIMM and a memory 
controller may have transmission errors and therefore such a 
connection may be protected using error detection codes. In 
these types of designs, the memory controller checks a detec 
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4 
tion code during a read and if there is a mismatch, it issues a 
retry request for the faulty read (and possibly other read 
requests that happened in the near time vicinity). To support 
such retry mechanisms, the memory controller maintains a 
queue of pending requests Which is used to determine Which 
requests. 
The evolution of the minimal burst length parameter of 

DRAM devices has been such that it makes it increasingly 
more di?icult to provide for desirable error correction prop 
erties such as multiple chipkill support. The trend for such 
minimal burst length has to increase as neW DRAM technolo 
gies are introduced. 
As an illustrative example, assume that a processor has a 

cache line of 128B, and that ancillary information totaling 4 
additional bytes needs to be stored and protected together 
With the cache line. Such ancillary information Will vary from 
processor design to processor design. Again for illustrative 
purposes, suppose the additional information is comprised of 
a ?ag indicating Whether the data Was corrupted even before 
reaching memory (the SUE ?ag), tag bits that can be used in 
data structures and a node bit that indicates Whether a more 
recent copy of the cache line may exist elseWhere in the 
system. 

In the DDR3 generation of DRAM devices, the minimal 
burst length on each device is equal to 8 transfers. Therefore 
a ><4 DRAM device (Which by de?nition has 4 I/O pins) 
delivers/accepts a minimum of 32 bits (4 bytes) on each 
read/Write access. Correspondingly, a ><8 DRAM device 
delivers/accepts a minimum of 64 bits (8 bytes) on each 
read/Write access. Assuming a processor cache line of siZe 
128 bytes, and assuming that for every 8 data chips there is an 
additional 9”’ chip that provides additional storage for error 
correction/detection codes, a simple calculation demon 
strates that a total of 36 x4 devices can be accessed in parallel 
to supply a total of 144 bytes (out of Which 128 bytes are for 
data, and 4 bytes are for ancillary information). Similarly, a 
total of 18 x8 devices can be accessed in parallel to supply a 
total of 144 bytes. 
As We stated earlier, it is highly desirable for an error 

correction code to provide for the ability to survive a chipkill. 
Unfortunately, those skilled in the art Will recogniZe that 
While it is possible to alloW for chipkill recovery in the setting 
Where 2 of the 18 chips are completely devoted to redundant 
checks, once the additional ancillary information is intro 
duced as a storage requirement it becomes mathematically 
impossible to alloW for the recovery of chipkills With 100% 
certainty. 
One alternative is to construct a memory using ><4 parts 

instead, since in this memory geometry a total of 32 devices 
may be devoted to data, the 33rd device may be devoted to the 
ancillary information Which Would leave 3 additional chips 
for redundant information. Such redundancy Will alloW, as 
those skilled in the art Will recogniZe, to have single chip error 
correct/double chip error detect capabilities for the system. 
A strong reason for not using ><4 parts nonetheless is related 

to poWer consumption. Assume that x4 and x8 parts have 
identical storage capacity. Contrasting tWo systems With 
exactly the same number of chips, but one with x4 chips and 
the other one with x8 chips, the same amount of “standby” 
poWer is incurred in both (standby poWer is the amount of 
poWer paid in the absence of any memory activity). 

Nonetheless, every time an access is made to memory, in 
the x4 memory con?guration a total of 36 devices are acti 
vated simultaneously, as opposed to the x8 situation Where 
only 18 devices are activated simultaneously. Therefore, the 
“active” poWer (paid during memory accesses) is double in 
the x4 setting than in the x8 setting. 
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SUMMARY OF THE INVENTION 

In view of the foregoing background, it is an object of the 
invention to provide a system that improves error correction 
using latency. 

This and other objects, features, and advantages in accor 
dance with the invention are provided by a system to improve 
error correction. The system may include a fast decoder to 
process data packets until the fast decoder ?nds an uncorrect 
able error in a data packet at which point a request for at least 
two data packets is generated. The system may also include a 
slow decoder to possibly correct the uncorrectable error in a 
data packet based upon the at least two data packets. 

The system may further include a memory to provide the at 
least two data packets based upon the request. The memory 
may be partitioned into memory ranks comprised of memory 
chips. 

The slow decoder may examine the at least two data pack 
ets for failures to identify which memory chip contains the 
error uncorrectable by the fast decoder. The slow decoder 
may use a Chien search while processing the at least two data 
packets. 

The system may also include a table that contains informa 
tion about persistent failures. The slow decoder may search 
for new failures not already identi?ed in the table that con 
tains persistent failure information. 

The table may be updated to contain information about 
correctable errors if the slow decoder succeeds in locating the 
correctable errors. The slow decoder may process each of the 
at least two data packets based upon computed syndromes for 
each of the at least two data packets. 

The slow decoder may process the syndromes of the at least 
two data packets in parallel. Alternatively, the slow decoder 
may process the syndromes of the at least two data packets 
serially. Additionally, the slow decoder may receive one of the 
data packets syndromes as all Zeros. 

Another aspect of the invention is a method to improve 
error correction using variable latency. The method may 
include processing data packets until a fast decoder ?nds an 
uncorrectable error in a data packet at which point a request 
for at least two data packets is generated. The method may 
also include possibly correcting the uncorrectable error in a 
data packet via a slow decoder using the at least two data 
packets. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram that describes a prior 
art integrated processor chip with a memory controller that is 
able to store and retrieve data from several memory ranks. 

FIG. 2 illustrates how prior art memory DIMMs may be 
chained together and connected to a memory controller. 

FIG. 3 is a schematic block diagram of a system to improve 
error correction in accordance with the invention. 

FIG. 4 is a ?owchart illustrating method aspects according 
to the invention. 

FIG. 5 describes x4 and x8 DRAM chips and also illus 
trates a possibility for mapping the bits in an error control 
code symbol to the output bits of a DRAM in accordance with 
the invention. 

FIG. 6. illustrates a memory system with 3 ranks pairs of 
DIMMs operate in parallel to provide for storage of cache 
lines in a processor, where the DIMMs are constructed using 
x8 DRAM parts in accordance with the invention. 

FIG. 7. illustrates a memory system with 3 ranks pairs of 
DIMMs operate in parallel to provide for storage of cache 
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6 
lines in a processor, where the DIMMs are constructed using 
><4 DRAM parts in accordance with the invention. 

FIG. 8 illustrates how an error control code codeword is 
mapped to the output of 36 x4 chips operating in parallel and 
also to the output of 18 x8 chips operating in parallel in 
accordance with the invention. 

FIG. 9. is a block schematic that describes relevant parts of 
a memory controller and how it interacts with memory and 
?rmware in accordance with the invention. 

FIG. 10. describes the internal structure of the fast decoder, 
along with this main inputs and outputs in accordance with 
the invention. 

FIG. 11. describes a request queue together with a control 
signal that canbe used to retry pending requests, which can be 
activated by the memory controller in accordance with the 
invention. 

FIG. 12. illustrates how a fast decoder is combined with a 
Chien search to implement a decoder that may be used during 
a memory controller retry to resolve for errors that could not 
be resolved by the fast decoder alone in accordance with the 
invention. 

FIG. 13. illustrates the internal composition of the Chien 
search, which is able to analyZe the syndromes of two error 
control codewords simultaneously in accordance with the 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The invention will now be described more fully hereinafter 
with reference to the accompanying drawings, in which pre 
ferred embodiments of the invention are shown. This inven 
tion may, however, be embodied in many different forms and 
should not be construed as limited to the embodiments set 
forth herein. Rather, these embodiments are provided so that 
this disclosure will be thorough and complete, and will fully 
convey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 
As will be appreciated by one skilled in the art, the inven 

tion may be embodied as a method, system, or computer 
program product. Furthermore, the invention may take the 
form of a computer program product on a computer-usable 
storage medium having computer-usable program code 
embodied in the medium. 
Any suitable computer usable or computer readable 

medium may be utiliZed. The computer-usable or computer 
readable medium may be, for example but not limited to, an 
electronic, magnetic, optical, electromagnetic, infrared, or 
semiconductor system, apparatus, device, or propagation 
medium. More speci?c examples (a non-exhaustive list) of 
the computer-readable medium would include the following: 
an electrical connection having one or more wires, a portable 
computer diskette, a hard disk, a random access memory 
(RAM), a read-only memory (ROM), an erasable program 
mable read-only memory (EPROM or Flash memory), an 
optical ?ber, a portable compact disc read-only memory (CD 
ROM), an optical storage device, or a magnetic storage 
device. 
Computer program code for carrying out operations of the 

invention may be written in an object oriented programming 
language such as Java, Smalltalk, C++ or the like. However, 
the computer program code for carrying out operations of the 
invention may also be written in conventional procedural 
programming languages, such as the “C” programming lan 
guage or similar programming languages. 
The program code may execute entirely on the user’ s com 

puter, partly on the user’ s computer, as a stand-alone software 
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package, partly on the user’ s computer and partly on a remote 
computer or entirely on the remote computer or server. In the 
latter scenario, the remote computer may be connected to the 
user’s computer through a local area network (LAN) or a 
wide area network (WAN), or the connection may be made to 
an external computer (for example, through the Internet using 
an Internet Service Provider). 

The invention is described below with reference to ?ow 
chart illustrations and/or block diagrams of methods, appa 
ratus (systems) and computer program products according to 
embodiments of the invention. It will be understood that each 
block of the ?owchart illustrations and/or block diagrams, 
and combinations of blocks in the ?owchart illustrations and/ 
or block diagrams, can be implemented by computer program 
instructions. These computer program instructions may be 
provided to a processor of a general purpose computer, spe 
cial purpose computer, or other programmable data process 
ing apparatus to produce a machine, such that the instruc 
tions, which execute via the processor of the computer or 
other programmable data processing apparatus, create means 
for implementing the functions/acts speci?ed in the ?owchart 
and/ or block diagram block or blocks. 

These computer program instructions may also be stored in 
a computer-readable memory that can direct a computer or 
other programmable data processing apparatus to function in 
a particular manner, such that the instructions stored in the 
computer-readable memory produce an article of manufac 
ture including instruction means which implement the func 
tion/ act speci?ed in the ?owchart and/or block diagram block 
or blocks. 

The computer program instructions may also be loaded 
onto a computer or other programmable data processing 
apparatus to cause a series of operational steps to be per 
formed on the computer or other programmable apparatus to 
produce a computer implemented process such that the 
instructions which execute on the computer or other pro gram 
mable apparatus provide steps for implementing the func 
tions/acts speci?ed in the ?owchart and/ or block diagram 
block or blocks. 

Referring to FIG. 1, a system 10 to improve error correc 
tion using variable latency is initially described. The system 
10 includes a fast decoder 12 to process data packets until the 
fast decoder ?nds an uncorrectable error data packet at which 
point a request for at least two error packets is generated, for 
example. 

The system 10 also includes a slow decoder 14 to attempt 
to correct the uncorrectable error data packet based upon the 
at least two error packets, for instance. The system 10 further 
includes a memory 16 to provide the at least two errorpackets 
based upon the request, for example. The memory 16 is 
partitioned into memory ranks 18 comprised of memory 
chips 20, for instance. 

In one embodiment, the slow decoder 14 examines the at 
least two error packets for failures to identify which memory 
chip 20 contains the uncorrectable error data packet. In addi 
tion, the slow decoder 14 uses a Chien search while process 
ing the at least two error packets. 

The system 10 also includes a table 22 that contains infor 
mation about persistent failures, for example. In one embodi 
ment, the slow decoder 14 searches for new failures not 
already identi?ed in the table 22 that contains persistent fail 
ure information. 

In another embodiment, the table 22 updates to contain 
information about correctable errors if the slow decoder 14 
succeeds in locating the correctable errors. The slow decoder 
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8 
14 processes each of the at least two error packets based upon 
computed syndromes for each of the at least two error pack 
ets, for instance. 

In one embodiment, the slow decoder 14 processes the 
syndromes of the at least two error packets in parallel. Alter 
natively, the slow decoder 14 processes the syndromes of the 
at least two error packets serially. In another embodiment, the 
slow decoder 14 receives one of the error packets syndromes 
as all Zeros. 

The system 10 also includes a communications network 
24, for instance. In one embodiment, the communications 
network 24 is a wired and/or wireless network including 
private and public communications infrastructure as will be 
appreciated by those of skill in the art. In one embodiment, the 
memory 16, the slow decoder 14, the fast decoder 12, and the 
table 22, communicate with each other over the communica 
tions network 24 using communications links 26a-26d, 
respectively, as will be appreciated by those of skill in the art. 

In view of the foregoing, the system 10 provides for cor 
recting errors using an error control decoder that is split into 
two sections, e.g. fast decoder 12 and slow decoder 14, in 
order to reduce the chip area that is required for implemen 
tation. In addition, such a system can improve the average 
latency with respect to an error control decoder with ?xed 
decoding time. 

In one embodiment, the fast decoder 12 is designed to 
correct the vast majority of the errors, for example all known 
persistent errors plus an additional symbol error. Further, the 
slow decoder 14 is used to locate errors that the fast decoder 
12 is not able to correct, as long as the error control code 
allows for the correction of those errors. 

In one embodiment, the information that the slow decoder 
14 needs to locate new errors is the information about prior 
persistent fails, a description of how the error that is being 
searched for might appear (this may change as one uses 
memory chips 20 of different types), and the syndrome of the 
error packet being analyZed. The slow decoder 14 is capable 
of processing the syndromes of multiple error packets, for 
example. This design point is motivated by an application in 
which errors that the slow decoder 14 is expected to ?nd can 
potentially affect multiple packets, for instance. 

In one embodiment, by processing multiple packets, the 
slow decoder 14 can compare errors across packets and 
improve the chances of correcting errors in all of them. Also, 
the probability of miscorrecting errors can be reduced 
through this technique. 
The system 10 may be attached to a memory 16 which is 

built using memory chips 20. The fast decoder 12 is unable to 
correct for new chip errors, but the slow decoder 14 is able to 
locate memory chips 20 in error with high probability in mo st 
cases. In one embodiment, by processing the syndromes of 
two packets simultaneously, the slow decoder 14 is able to 
better discriminate which memory chip 20 is actually failing 
during a chipkill. 

Another aspect of the invention is directed to a method to 
improve error correction using variable latency, which is now 
described with reference to ?owchart 40 of FIG. 2. The 
method begins at Block 42 and may include processing data 
packets until a fast decoder ?nds an uncorrectable error data 
packet at which point a request for at least two error packets 
is generated at Block 44. The method may also include pos 
sibly correcting the uncorrectable error data packet via a slow 
decoder using the at least two error packets at Block 46. The 
method ends at Block 48. 
A prophetic example of how the system 10 may work is 

now described with additional reference to FIGS. 5-13. 
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In FIG. 5 We describe a ><8 DRAM 301, Which has 8 
input/output pins and a ><4 DRAM 302 Which has 4 input/ 
output pins. Both kinds of DRAMs, When accessed for a Write 
or read operation accept or deliver information through a 
minimum of 8 transfers, Which are illustrated in the transmis 
sion patterns 303, 304. In these transmission patterns, each 
box represents a bit. Thus a total of 64 bits (8 bytes) are 
delivered by a ><8 DRAM during read and a total of 32 bits (4 
bytes) are delivered by a ><4 DRAM during a read. 

Error control codes generally operate on symbols Which 
are comprised on one or more bits. For the purposes of this 

exemplary embodiment, symbols Will contain 8 bits. Also 
illustrated in FIG. 5 is a possible assignment 305 ofthe bits to 
a symbol of the error control code. Thus in this assignment a 
symbol of the error control code spans tWo consecutive pins 
of a DRAM and 4 consecutive transfers. 

In FIG. 6 We illustrate a memory system 401 that is con 
structed from DIMMs 402 in Which each DIMM is built using 
9 x8 DRAMs. A memory rank 403 is formed by tWo DIMMs 
operating in parallel. The memory system in FIG. 4. has three 
ranks. In general DIMMs can have more than one rank. FIG. 
7 illustrates a memory system in Which DIMMs are built 
using 18 x4 parts each. Thus the number of pins in a DRAM 
chip determines the type of the chip and in turn this deter 
mines the type of the memory rank and the memory system. 

FIG. 8 illustrates hoW an error control codeWord 601 is 
obtained from the output of 36 x4 DRAM chips operating in 
parallel or 18 x8 DRAM chips operating in parallel. Such a 
codeWord in both cases is obtained through four consecutive 
transfers of the DRAM and inboth cases is a total of 72B. TWo 
consecutive codewords are thus received When DRAMs of 
either type are accessed during a read. An error control code 
Word Will equivalently be called a packet throughout the 
description of this invention. 

For the purposes of this exemplary embodiment We shall 
assume that the error control code that is employed in this 
invention is a Reed-Solomon code Whose symbols are com 
prised of 8 bits. In the 72 byte codeWord, 64 byes Will be 
dedicated to data, one byte Will be dedicated to hold ancillary 
information and the additional 7 bytes Will contain checks 
coming from a Reed-Solomon code. Thus the Reed-Solomon 
code, in the parlance of coding theory, as parameters [n:72, 
k:65]. During the course of this invention We shall take 
advantage of the fact that error control codes (including Reed 
Solomon codes) can accept information about the location of 
failures in order to improve their error correction and detec 
tion capacity. 

In FIG. 9 We ?nd a general diagram describing hoW a 
memory controller 701 interacts With a memory 702 and 
?rmware 703. The memory controller accepts read/Write 
requests 704 and schedules them in a request queue 705. 
Write requests are passed to the encoder 706 Which computes 
check bits for the given data packet and then sends the result 
to the memory 702 for storage. Prior to such storage taking 
place, this invention has the possibility of applying an XOR 
mask 718 to the data that might depend on the address of the 
Write request. This XOR mask has a counterpart in the read 
process 719. 

The goal of this XOR mask is to ensure that if a chipkill 
affects tWo consecutive 72B data packets and if the nature of 
the chipkill is that the chip produces a constant data output, 
then the errors appear different in both packets. This brings 
bene?ts to the miscorrection rates of the decoder When it is 
operating in Gather mode (set by sWitch 717). Read requests 
are made to the memory by issuing the proper commands 707 
to the memory 702. 
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The memory returns data 708 request in a read Which is 

then fed to the error control decoder 709. The received data is 
processor by the error control decoder 709 either through the 
fast decoder 714 or the sloW decoder 715. The latter happens 
When the data coming from the memory has an error that 
cannot be decoded using the fast decoder 714 alone. 
The decoder 709 uses information about prior failures that 

might have affected the memory rank from Which the data is 
coming from. Such prior failure information is stored in the 
Marking Store 710 Which is read by the decoder prior to 
decoding any data coming from the memory 708. This Mark 
ing store 710 is simply a table Which has a number of bytes for 
every memory rank to Which the memory controller can con 
nect to. 

The information stored in the marking store 710 essentially 
contains the locations of the symbols in the error control 
codeWord that are expected to have errors; the decoder 709 
uses this information in the calculations leading to the decod 
ing of the Reed-Solomon code to mathematically erase the 
contributions of the information received in these locations in 
order to determine Whether there are any additional errors in 
unknoWn locations that might be correctable. 
The symbol location in the marking store 710 can be 

encoded both as a number to be interpreted as a Galois Field 
element, or might describe the symbol in a DIMM rank as a 
numeric offset. The decoder 709, computes the locations and 
magnitudes of any additional errors that might be present in 
the codeWord, as Well as the error magnitudes of the errors 
presumed in the knoWn locations. If there are no such errors, 
then the error magnitude for the latter Will be equal to Zero. 
Upon correcting any errors in the data received from the 

memory 708, the decoder 709 forWards the corrected mes 
sage to a return bus buffer 711 that in Which data is staged for 
transmission across a read return data bus 712. The return bus 
buffer 711 also accepts a gather mode sWitch signal 717 
Which if enabled, causes tWo or more packets to be buffered 
and their uncorrectable error ?ags combined using a logical 
OR operation in order to generate single global uncorrectable 
error ?ag. The effect that this has is to signi?cantly improve 
miscorrection rates in the decoder, if so judged necessary. 
The decoder 709 is able to process data coming both from 

a memory built using ><8 DRAM parts as Well as a memory 
built using ><4 DRAM parts. To this end, there is a signal 713 
Which may be employed to set an operation mode for the 
decoder. In the present exemplary embodiment, the ><8/><4 
control signal affects only the sloW decoder; this is, the fast 
decoder 714 is oblivious as to What kind of memory the data 
is being received from. This is possible because for either 
kind of memory, exactly the same [72,65] Reed-Solomon 
code (over GF(256)) is employed and because the role of the 
fast decoder 714 is to correct for any errors denoted by mark 
ing information stored in the Marking Store 71 0 and to correct 
an additional symbol error only, as opposed to a full neW X4 
or ><8 chipkill (We refer the reader to FIG. 5. in Which it Will 
be appreciated that a ><8 chipkill affects up to 4 symbols of the 
error control code Whereas a ><4 chipkill can affect up to 2 
symbols of the error control code). The fast decoder 714 is 
equipped to be able to correct for up to 4 potential symbol 
errors in knoWn locations (4 erasures, in the parlance of 
coding theory), and therefore it is able to correct a marked ><8 
chipkill or tWo marked ><4 chipkills, and still be able to correct 
an additional symbol error. 
Most of the circuitry in the decoder is attributed to the fast 

decoder 714, and as such the present design offers a design in 
Which largely the same circuitry can be used to decode memo 
ries of tWo different types. 
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The slow decoder 715 has the responsibility of locating 
new chipkills and as such, it needs to know whether it is 
looking for X4 chipkills or x8 chipkills. As such, it uses the 
><8/><4 select signal 713 in order to determine which mode to 
operate on. The operation of the slow decoder 715 requires 
the memory controller to retry any pending requests to 
memory since the slow decoder can only process on request at 
the time. At the end of the operation of the slow decoder, a 
new chipkill may have been found and if so, the Marking 
Store 710 is updated automatically with the information 
about the chipkill thus encountered. In addition, the ?rmware 
703 is noti?ed that a new chipkill has been encountered, so 
that it can note the chipkill in a log?le and start tracking 
further errors coming from the associated memory rank. This 
noti?cation takes place through the maintenance block 716, 
which has the ability to communicate with the ?rmware 703. 

Information communicated back to the ?rmware 703 
through the maintenance block 716 is not limited to new 
chipkills countered. If the fast decoder has found an addi 
tional symbol error beyond those that might be found in 
marked locations (given by information coming from the 
Marking Store 710), then a noti?cation that a New Correct 
able Symbol Error (N CSE) has occurred is given to the main 
tenance block 716 which in turn communicates it to the ?rm 
ware 703. 

The ?rmware 703 also has the ability to affect the marking 
store. This is allowed because the ?rmware 703 has consid 
erably more resources than the hardware to keep track of 
failure statistics and such it might decide to remove a chipkill 
mark that is placed automatically by the decoder 714 in the 
marking store 710, since that chipkill might have been a 
temporary failure. In addition, the ?rmware 703 might decide 
to place a symbol mark if too many New Correctable Symbol 
Errors are being generated at some location in memory. The 
?rmware 703 is also able to place chipkill marks. Since the 
hardware can also update the marking store table 710, a 
method for coordinating con?icting writes in the marking 
store 710 is needed. In this invention, the ?rmware 703 may 
request a change to the table 710 and then a noti?cation that 
the write was successful may be obtained from the hardware. 

In FIG. 10, we ?nd a description of the internal organiZa 
tion of the fast decoder 801. Inputs to the fast decoder 801 
include the marking info 802 that is retrieved from the Mark 
ing Store Table 710, which is preprocessed in preparation to 
the computation of the modi?ed syndromes 804. Another 
input to the fast decoder is 72B of data 805 to be decoded. This 
data is fed to a syndrome generation stage 806 whose output 
is then fed to the Modi?ed Syndrome Computation 804 
engine. The latter combines the syndrome and the prepro 
cessed marking information to produce new syndromes that 
describe errors that do not contain contributions from poten 
tial errors in marked locations. The modi?ed syndromes 
could be equal to Zero, in which case no further errors need to 
be corrected for, or could be nonZero, in which case a new 
correctable symbol error may exist. 

The syndromes fed to the Modi?ed Syndrome Computa 
tion engine 804 can come from the syndrome generation 
circuit 806 or may come externally through an optional syn 
drome bypass path 807. The fast decoder 801 has a signal 808 
that allows to select which syndrome is fed to the modi?ed 
syndrome computation engine 804. The bypass path is a 
useful in the slow decoder where the fast decoder 801 needs 
to be reused on the same data since but it is inconvenient to 
feed the original data again for syndrome generation. Then 
the previously computed syndrome of the original data can be 
fed through the bypass path 807. To this end, the syndrome of 
the data is an output 809 of the fast decoder. 
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The modi?ed syndromes are fed to a circuit 810 that com 

putes the error magnitudes of those errors that might exist in 
known locations, as well as the error magnitude and location 
of a potential new correctable symbol error. The result of this 
computation, along with several other partial computations 
useful for the generation of ?ags, are passed to an error 
correction stage 811 that combines the original potentially 
corrupted data (which has been stored temporarily in a chan 
nel buffer 812) with the error magnitudes and the (potential) 
new symbol error location computed in the earlier stage 810. 
In 811 we additionally compute several ?ags which summa 
riZe the analysis that the fast decoder has done of the data 805. 
These ?ags are: l) the Correctable Error (CE) ?ag, which is 
true if any error (marked or not) was corrected and false 
otherwise; 2) the New Correctable Symbol Error (N CSE) 
which is true if and only if the fast decoder 801 found (and 
corrected) a symbol in error in a location not previously 
marked by the marking info 802; and 3) The FastUE ?ag, 
which is true if the error present in the data cannot be cor 
rected by the fast decoder giving the current marking infor 
mation 802. 

It will be appreciated by the reader that the Fast decoder 
does not have an ><4/><8 input to modify its behavior depend 
ing on the nature of the memory parts used to build a memory 
system. 
The marking information 803 is fed to a module 813 that 

computes a marking information score which is then fed to 
the error correction and ?ag computation stage 81 1. The score 
is a measure of how much exposure the system has to unsup 
ported errors and is directly related to how many symbols 
have been previously marked according to the marking info 
802. This score may simply be related to a count of the 
number of symbols that have been marked or may be a more 
complex function of the location and number of marked sym 
bols. We adopt the convention that a low score indicates a 
higher expo sure than a higher score. The error correction and 
?ag computation stage can take advantage of the score as 
follows. It is known that many hard failures in DRAM parts 
are concentrated in a single pin of the DRAM. As it may be 
appreciated from FIG. 1, due to the manner in which we map 
symbols to information bits in the DRAM, a pin failure trans 
lates into only one symbol failure and in particular, the failure 
of one nibble of the DRAM. If the marking info score is too 
low, there may be an exposure to miscorrection on cata 
strophic errors and as such, it may be desirable to trade off 
some correction capabilities for an increased protection 
against miscorrections. Such a suitable tradeoff can be 
obtained by limiting any New Correctable Symbol Errors, if 
the marking info score so warrants, to correct only if the error 
is concentrated in one of the two nibbles. This would have the 
effect of decreasing the miscorrection rates on catastrophic 
errors (modeled for example by choosing a syndrome at ran 
dom as the input to the decoder) by a factor of 8. The memory 
rank score is a concept that may be employed in different 
situations. For example, the ?rmware 703 may compute this 
score from copies of the marking info that it possesses to 
determine whether a service request may be placed to replace 
a defective DIMM. Additionally, the system may move data 
from a rank with a low score to a rank with a higher score in 
order to improve the reliability of the overall system. 

In normal circumstances, 72B worth of data are fed to the 
Fast decoder, and in the presence of no new errors (in addition 
to the marked locations) or in the presence of a new correct 
able symbol error (in addition to the marked locations), the 
error would be corrected and passed on for consumption by 
the system. 






